To ensure safe and cost-effective train operations in the transportation industry, it is essential to monitor both traffic levels and the condition of railways. Effective railway maintenance and inspection techniques must provide information about defects in rails and wheels. 1 In the field of railway monitoring, optical fiber sensors are receiving increasing attention. These sensors use optical fibers either as the sensing element itself, or to relay signals from a remote sensor to the signal processing electronics.
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Optical fiber sensors are immune to electromagnetic interference and have low invasiveness, i.e., because they are very thin (0.9mm outer diameter), the optical fiber sensors do not cause any extra load or modifications to the structures they are attached to. These devices are particularly useful as they can provide distributed sensing (spatially continuous) over large distances. Therefore, by attaching a single optical fiber over a rail, its whole length can be monitored continuously. The distributed optical fiber sensors can measure deformation (compressive and tensile strain) of the structures to which they are attached, as well as temperature.
We have used a distributed optical fiber sensor to identify trains and measure dynamic loads on a rail. 2 We selected a continuous welded rail sector near the San Menaio station, which is part of the San Severo-Peschici regional line in southeast Italy, for our tests. This railway line belongs to the Ferrovie del Gargano network and is used by only one type of train (the ALE 200-LE 200). These trains are composed of a four-axle motor car and a four-axle trailer car, which are permanently connected. For our tests, we attached about 60m of single-mode standard optical fiber along the rail using a fast-curing epoxy adhesive (see Figure 1 ).
We employed a fast Brillouin optical time-domain analysis (BOTDA) sensor to measure rail deformation that is associated with the passage of a train. 3, 4 This type of sensor uses stimulated Figure 1 . Photograph of the optical fiber laid out on the railway track for the monitoring tests. 2 Brillouin scattering (changes in the energy and path of light as it interacts with time-dependent density variations of the fiber glass core) of an optical fiber. Pulsed light is pumped from one end of the fiber and interacts, via Brillouin scattering, with the continuous-waveform probe beam that propagates in the opposite direction. The pump-probe spectral shift is kept fixed at a frequency equal to the Brillouin gain spectrum of the optical fiber. Strain changes in the rails are recorded as variations in the intensity of the transmitted probe. We obtained dynamic strain measurements along the rail, with a spatial resolution of 1m and an acquisition rate of 31.4Hz. Our results (see Figure 2 ) illustrate how passing train axles produce localized strain peaks at each rail position.
We are able to extract several pieces of information about railway traffic from our data. We have estimated the axle distance (spacing between axles) in each car, as well as the first-to-last axle distance, by identifying the moment at which the strain peak occurs on the acquired traces at each fiber position (see Figure 3) . We also calculated the speed of passing trains, by
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finding the slope of the axle traces. A linear fit to an example trace (the fourth from the bottom in Figure 3 was chosen because it has the highest signal-to-noise ratio), to find the slope, provides an estimated train speed of 42:40˙0:04km/h. The strain data can also be processed to estimate the dynamic load of a passing train. Excessive loads in railway vehicles cause degradation to both the cars and the underlying infrastructure. Dynamic load is therefore an important parameter in the management of railways. We estimated axle load using the Winkler theory, 5 in which a rail is modeled as an infinite uniform beam that is subjected to vertical loads and rests on a continuous elastic foundation. With this model, the overall load we computed for the motor car was 29:3˙5:6t, and 28:8˙5:1t for the trailer car. These measurements agree well with the train's nominal load values.
We have successfully demonstrated that a distributed optical fiber sensor network can be applied to railway safety monitoring. In the future, we aim to improve both the spatial resolution and acquisition rate of our sensors. These improvements will increase the accuracy and reliability of our measurements, especially our dynamic load estimations. With such improvements to the sensors, it may also be possible to detect rail and wheel defects.
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